Abstract Medicinal berries are appreciated for their health benefits, in traditional ecological knowledge and nutrition science. Determining the cellular mechanisms underlying the effects of berry supplementation may contribute to our understanding of aging. Here, we report that lowbush cranberry (Vaccinium vitis-idaea) treatment causes marked nuclear localization of the central aging-related transcription factor DAF-16/ FOXO in aged Caenorhabditis elegans. Further, functional DAF-16 is required for the lifespan extension, improved mechanosensation, and posterior touch receptor neuron morphological changes induced by lowbush cranberry treatments. DAF-16 is not observed in nuceli nor required for lifespan extension in lifespanextending Alaskan blueberry treatments and, while DAF-16 is not visibly induced into the nucleus in lifespan-extending Alaskan chaga treatments, it is required for chaga-induced lifespan extension. These findings underscore the importance of DAF-16 in the aging of whole organisms and touch receptor neurons and also, importantly, indicate that this critical pathway is not always activated upon consumption of functional foods that impact aging.
Introduction
In both humans and the model organism Caenorhabditis elegans, neurons are known to change shape and function with age (rather than dying), which in turn impacts the aging of the entire organism due to the central communication and integration functions of the nervous system. C. elegans are particularly well-suited for neuron aging studies because their transparency and genetic malleability allows for the engineering of strains with fluorescent tags on specific neurons. One class of C. elegans neurons known to change shape and function with age is the touch receptor (or mechanosensory) neurons, which sense soft touch. These neurons develop novel outgrowths from the soma, additional branching on the axon/dendrites, and abnormal soma shapes with age (Toth et al. 2012; Tank et al. 2011; Pan et al. 2011) . The age-related development of these morphologies is regulated, in part, by two signaling pathways central to the regulation of lifespan and health span: the insulin/ IGF and Jun kinase pathway (Toth et al. 2012; Tank et al. 2011; Pan et al. 2011; Scerbak et al. 2014) . However, the cellular mechanisms by which these pathways (and likely others) regulate age-related changes in the morphology of touch receptor neurons have yet to be fully described.
Changes in intercellular communication and nutrient sensing at the organismal (e.g. olfaction) and cellular level (e.g., insulin signaling) are known to be associated with aging (reviewed in Lopez-Otin et al. 2013) . In C. elegans, various mutations in components of the insulin signaling pathway, a key nutrient sensing pathway, consistently regulate lifespan, response to stress, and neuron aging (reviewed in Fontana et al. 2010; Broughton and Partridge 2009)) . Two transcription factors central to the aging process and stress response are also responsive to insulin signaling: DAF-16/FOXO and HSF-1 (heat shock factor 1). In C. elegans, DAF-16 is well known to regulate the expression of a diverse set of genes to influence aging (reviewed in Mukhopadhyay et al. 2006; Hsu et al. 2003) and is thought to be involved in the aging of touch receptor neurons (Toth et al. 2012; Tank et al. 2011; Pan et al. 2011 ). Additionally, several epidemiological studies have indicated that genetic variation in the FOXO transcription factor is associated with human lifespan determination (Deelen et al. 2014; Beekman et al. 2013; Newman and Murabito 2013) .
Environmental factors, including diet, are related to the molecular, cellular, and organismal changes that occur with age. For example, diets rich in fruits and vegetables are consistently correlated with increased lifespan, decreased incidence of age-related diseases, or both (reviewed in Fleming et al. 2013) , perhaps because of their high polyphenolic content (Liu 2004) . Cranberries are often touted as functional foods, with benefits ranging from improved cardiovascular health (reviewed in Basu et al. 2010) to the prevention of obesity (reviewed in Kowalska and Olejnik 2016) . Even in C. elegans, American cranberry (Vaccinium macrocarpon) has wide ranging health benefits including lifespan extension (Guha et al. 2013) , reduced fat accumulation (Sun et al. 2016) , and reduced betaamyloid peptide toxicity (Guo et al. 2015) . Lowbush cranberry (Vaccinium vitis-idaea or lingonberry), native to boreal forest and tundra ecosystems, is traditionally valued in Alaska as a medicinal berry (Garabaldi 1999; Kari 1995) . Wild, Alaskan lowbush cranberry contains higher levels of antioxidant and anti-inflammatory compounds than commercially grown, temperate cranberry species (Grace et al. 2014; Dinstel et al. 2013) .
We previously described the beneficial effects of commonly consumed and culturally relevant interior Alaskan plant and fungus species (bog blueberry, lowbush cranberry, and chaga fungus) on overall health, neuronal function, and touch receptor neuron morphology during aging ). Here, we tested the hypothesis that central aging-related transcription factors, specifically DAF-16 and HSF-1, are involved in producing these observed effects in aging C. elegans neurons (e.g., increase in lifespan, alteration of aging neuron morphologies).
Materials and methods

C. elegans strains and maintenance
The following C. elegans strains used in this study were obtained from the Caenorhabditis Genetics Center (CGC) at the University of Minnesota: N2 (Bristol wildtype); TJ356 (DAF-16::GFP (zIs356 IV [daf16p::daf-16a/b::GFP + rol-6])); OG497 (HSF-1::GFP (drSi13 II [hsf-1p::hsf-1::GFP::unc-54 3′UTR + Cbrunc-119(+)]; unc-119(ed3) III)); GR1307 (daf-16(mgdf50)). ZB154 (zdIs5 [Pmec-4GFP; lin-15(+)]); and ZB4064 (zdIs5 [P mec-4 GFP; lin-15(+)]; uls57 [P unc-119 SID-1, P unc-119 YFP, P mec-6 mec-6]) were previously established as models of touch receptor neuron aging (Toth et al. 2012; Vayndorf et al. 2016) . Both ZB154 and ZB4064 exhibit GFP-labeled touch receptor neurons (Toth et al. 2012) , and ZB4064 overexpresses the SID-1 transmembrane channel in all neurons (Calixto et al. 2010) , rendering neurons susceptible to RNA interference treatment.
We used standard methods to maintain and manipulate C. elegans populations (Brenner 1974) . Stock populations were cultured at room temperature (about 22°C) on Nematode Growth Media agar plates (1 L NGM: 2.5 g peptone, 17 g agar, 3 g NaCl, 975 mL double distilled water, 1 mL 5 mg/mL cholesterol, 1 mL 1 M CaCl 2 , 1 mL 1 M MgSO 4 , 25 mL 1 M KHPO 4 , and 0.5 mL 100 mg/mL streptomycin) seeded with live bacteria (E. coli strain OP50-1 cultured in Luria Broth) that were allowed to form a lawn for 2 days at room temperature and then stored at 4°C until use. Unless otherwise indicated, all experiments were performed by culturing animals at 25°C.
Berry and fungus extract preparation and treatment administration
The Alaskan berry and fungal extract preparations and treatment administration herein are the same as described previously ). Therein, we described the biochemical makeup of the extracts used in this study. Briefly, extracts of wild Alaskan frozen, whole specimens of cranberry (Vaccinium vitis-idaea), blueberry (Vaccinium uliginosum), and chaga (Inonotus obliquus) were prepared with 80% aqueous acetone and rotaevaporation (blueberry and cranberry), or boiling water and straining (chaga). To administer treatments, we cultured age-matched, day 1 adult C. elegans populations on NGM agar plates mixed with the appropriate concentration of extract and seeded with live OP50-1 E. coli at 25°C. Control populations were cultured on standard NGM plates without extract. For experiments involving aged populations, animals were transferred with a platinum wire pick to fresh treatment plates to maintain synchrony and to avoid starvation and crowding. The experimenter was always blinded to the berry and/or fungus treatment dosage.
Lifespan analysis
For all lifespan experiments, we maintained agematched C. elegans populations on prepared 35 × 10 mm extract plates as described in the section above at 25°C. Each lifespan experiment consisted of two plates per condition (treatment or control) each beginning with 25 individuals per plate, to minimize the impact of population density on experimental results. Importantly, wildtype (N2) positive control experiments were conducted in parallel with each lifespan replicate to validate extract preparation and treatment administration. Animals were scored by hand for survival every other day until 6 days after egg lay, at which point plates were checked daily. We used the Kaplan-Meier log-rank test, with a pairwise over strata comparison, in the IBM SPSS Version 20 to measure treatment and genotype effects.
Transcription factor localization assays
To visualize the location of transcription factors known to be important in aging, we utilized two previously described C. elegans strains: TJ356 (DAF-16::GFP) (Henderson and Johnson 2001) and OG497 (HSF-1::GFP) (Morton and Lamitina 2013) . Synchronous populations were allowed to develop on NGM plates for 72 h at 20°C and cultured on appropriate treatment plates until imaging (on days 3 and 9 of adulthood). For animals expressing DAF-16::GFP, we imaged at × 10 magnification to visualize the entire animal. Positive controls were heat shocked for 30 min at 37°C on agar plates and imaged immediately thereafter. Each DAF-16::GFP animal was classified into three groups based on the nuclear foci observed: diffuse fluorescence group, animals had no districting DAF-16::GFP foci present (Fig. 1a, b) ; nuclear group, animals had foci seen throughout the animal with very little diffuse fluorescence (Fig. 1c, d) ; and intermediate group, animals had at least three distinct DAF-16::GFP foci with mostly diffuse fluorescence (Fig. 1e, g ) (Oh et al. 2005) . For animals expressing HSF-1::GFP, only five individuals were prepared for imaging at once, the epithelial cell layer in the posterior third of each animal was imaged at × 40 and positive controls were heat shocked for 30 min at 35°C after preparing for imaging. To detect treatment effects, we used an ordinal logistic statistics model.
RNA interference treatment
To administer RNA interference (RNAi) treatment, we cultured age-synchronous populations of C. elegans on RNAi agar plates (2.5 g peptone, 17 g agar, 3 g NaCl, 1 mL 5 mg/mL cholesterol, 1 mL 1 M CaCl 2 , 1 mL 1 M MgSO 4 , 25 mL 1 M KHPO 4 , 1 mL 1 M isopropyl beta-D-1-thiogalactopyranoside [IPTG] , and 0.5 mL 50 mg/mL carbenicillin per 1 L) seeded with 4× concentrated L4440 (empty vector) HT115 E. coli protected from light at 25°C. In this study, we performed RNAi experiments with strain ZB154 (whose neurons are not susceptible to RNAi knockdown via feeding) and all animals began RNAi treatment (and berry treatment, if required) after normal development-48 h after egg lay at 25°C. All subsequent treatment and control plates consisted of RNAi plates mixed with varying concentrations of the appropriate extract as described above, seeded with 4× concentrated live HT115
bacteria from the Ahringer library. Bacterial dsRNA production was induced by growing the HT115 bacterial lawn at room temperature (22°C) for 2 days, allowing us to target the desired C. elegans mRNA for degradation. The experimenter was always blinded to the RNAi and extract treatment regimens until statistical analysis. To verify the RNAi treatment conditions for each experiment, we performed control experiments measuring fluorescence knockdown following GFP RNAi treatment with strain ZB4064 (Supplemental Figure 1) . RNAi clone identity was verified by sequencing (Macrogen Corp.; primer M13F) after plasmid extraction with the QIA Spin Miniprep Kit (Qiagen).
Touch receptor neuron morphology and touch response analysis
On day 11 of adulthood (10 days after beginning RNAi/extract treatment), ZB154 individuals were randomly selected from a synchronous population and tested for motility, touch sensitivity, and touch receptor neuron aberrations. We assigned individuals to three classes based on their motility: class A individuals moved normally and spontaneously; class B individuals moved in markedly nonsinusoidal manner and, often, non-spontaneously; and class C individuals were alive but unable to translocate (Herndon et al. 2002) . We measured soft touch sensitivity by counting the number of positive responses an individual had to five alternating touches at each the anterior and posterior ends (ten total touches) (Calixto et al. 2010) . Finally, to visualize the fluorescently labeled touch receptor neurons, we mounted individuals to a coverslip with 36% Pluronic (BASF) solution, and imaged the neurons with an Olympus FSX100 inverted fluorescent microscope at × 20 magnification. We quantified the occurrence of abnormal morphologies in the anterior and posterior lateral touch receptor neurons (ALM and PLM) of each individual and collected reference images. The neuron morphologies observed included those previously described (Toth et al. 2012; Tank et al. 2011; Pan et al. 2011; Scerbak et al. 2014) , such as various lengths of outgrowths from the soma (e.g., short or extended), branches from the process, abnormally shaped soma, punctae on the process, and abnormally located soma. Additional morphologies were also observed and included branches from the process that connected back to the process (i.e., loops) and deformed process sections (i.e., tangles). We performed Poisson log linear (for count data, e.g., touch response) or logistic regression (for bimodal data, e.g., presence of abnormal cell soma) statistical models to test for treatment and age effects on touch sensitivity and neuron morphologies using SPSS (version 20) statistical software. Pairwise comparisons with p ≤ 0.05 were considered significant. We repeated this experiment in at least three independent trials for each combination of RNAi and extract treatment, each with a parallel empty vector L4440 no treatment control.
Data availability The datasets generated during the current study are available from the corresponding author upon reasonable request.
Results
Alaskan lowbush cranberry causes nuclear translocation of DAF-16/FOXO late in life
The well-studied DAF-16/FOXO and HSF-1 transcription factors are involved in longevity and stress response (reviewed in (Hsu et al. 2003) . We tested the location (cytosol or nucleus) of these central transcription factors in Alaskan berry and fungus treatments that we previously observed to extend C. elegans lifespan and health span and to impact age-related changes in touch receptor neuron morphology and function . The polyphenolic content (total phenolic, flavonoid, and anthocyanin content) of these extracts was previously described ) and the abundance of these compounds in our extracts was similar to the levels described by other research groups (Grace et al. 2014) . C. elegans strains with GFP-tagged DAF-16 (strain TJ356) (Henderson and Johnson 2001) or HSF-1 (strain OG497) (Morton and Lamitina 2013) are available to visualize the nuclear translocation of these transcription factors in response to stress, which has previously been shown to coincide increased gene expression of target genes associated with these transcription factors and transcription factor binding to the DNA (Henderson and Johnson 2001; Morton and Lamitina 2013) . In the DAF-16::GFP animals, diffuse fluorescence indicates that the transcription factor has not translocated to the nuclei (Fig. 1a, b) . DAF-16 can be observed in the nuclei of cells as distinct foci in response to stressors, such as heat shock (Fig. 1c, d) .
After 48 h of treatment with lifespan-extending Alaskan berry and fungus treatments (day 3 of adulthood), we did not detect translocation of DAF-16 into nuclear foci with any treatment (Supplemental Figure 1) . However, at day 9 of adulthood (after 8 days of treatment), we observed formation of DAF-16 nuclear foci in both lifespan-extending lowbush cranberry treatments ( (Morton and Lamitina 2013) . We were unable to detect formation of HSF-1::GFP granules within nuclei following 48 h of any lifespan-extending Alaskan berry and fungus treatment (Supplemental Figure 1) . Interestingly, HSF-1::GFP animals had granules in all groups (including untreated control) late in adulthood (day 9; Supplemental Figure 4), making it unfeasible for this method to determine whether HSF-1 is located in cellular nuclei later in life due to Alaskan berry and fungus treatments.
Alaskan lowbush cranberry modulates DAF-16 to extend lifespan To examine whether the DAF-16::GFP nuclear foci observed after lowbush cranberry treatment reflect a requirement for functional DAF-16 in lowbush cranberry-mediated lifespan extension, we treated C. elegans DAF-16 mutant populations (strain GR1307; daf-16(mgdf50); (Ogg et al. 1997 ) with lowbush cranberry doses that extended wildtype lifespan (50 and 400 μg/mL; . These DAF-16 mutants did not respond with increased lifespan to lowbush cranberry treatment, which suggests that the requirement of a functional DAF-16/FOXO transcription factor is needed for lifespan extension via lowbush cranberry treatment ( Fig. 2a ; Table 2 ; Supplemental Figure 5 ).
Another research team observed that blueberry polyphenol-mediated lifespan extension does not require DAF-16 (Wilson et al. 2006) . To test whether this is also the case with Alaskan blueberry treatments and to verify our DAF-16::GFP nuclear translocation screening results, we measured the lifespan of DAF-16 mutants (strain GR1307; daf-16(mgdf50)) with lifespanextending blueberry treatments (60 and 200 μg/mL). DAF-16 mutants maintained blueberry-mediated lifespan extension similar to that of wildtype (p < 0.05; Kaplan-Meier log-rank test; Table 2 ), indicating that DAF-16 is most likely not required for lifespan extension from blueberry treatment. Interestingly, chagamediated lifespan extension did require DAF-16 (Table 2 ; Supplemental Figure 5 ), but we were unable to detect DAF-16 nuclear translocation in live animals early or late in life (Supplemental Figures 1-2 ).
Alaskan lowbush cranberry modulates DAF-16 to influence touch receptor neuron aging
In young adults, the touch receptor neurons comprise of two posterior lateral mechanoreceptors (PLM) and two anterior lateral mechanoreceptors (ALM). These four neurons consist of a spherical cell soma with axon projections (also called processes) towards the head of the animal. With age, these neurons exhibit decreased Fig. 1a) , nuclear DAF-16 foci seen throughout the animal with very little diffuse fluorescence (example in Fig. 1c) , and intermediate DAF-16 had at least three distinct DAF-16::GFP foci with mostly diffuse fluorescence (examples in Fig. 1e, g ). Treatments were grouped into statistically homogenous subsets as listed in the BStatistical group^column (p < 0.05, ordinal logistic model). The average number of foci observed per animal is also shown, with the p value representing significance from untreated control (one-way ANOVA with Tukey posthoc; box and whisker plot of data shown in Supplemental Figure 3 ). All animals exposed to heat shock had a robust response DAF-16 translocation, thus we estimate that all of the cells had DAF-16 foci (no observable diffuse fluorescence). Data and sample size represent all individuals examined from three independent trials, each with a significant effect function (i.e., decreased responsiveness to touch) and altered morphology; ALM neurons develop additional outgrowths from the soma (see inset in Fig. 2d ) and abnormal (non-spherical) cell soma and PLM neurons develop addition growths on the axon (i.e., branches; see inset in Fig. 2c ; (Toth et al. 2012; Tank et al. 2011; Pan et al. 2011) ). We previously reported that lifespan-extending lowbush cranberry treatment increased the incidence of axon branching in posterior touch receptor neurons and Fig. 2 Alaskan lowbush cranberry treatment requires DAF-16 for lifespan extension and posterior neuron branching events late in life. Lowbush cranberry treatments that extend wildtype C. elegans lifespan (50 and 400 μg/mL) do not extend the lifespan of DAF-16 mutant animals (daf-16(mgdf50)). Representative Kaplan-Meier curve is shown, with age in days of adulthood cultured at 25°C (corresponding data shown in trial 1 columns of Table 2 ) and results were replicated in three independent trials (a). In ZB154, animals (GFP-labeled mechanosensory neurons, not susceptible to neuronal RNAi knock-down) on day 11 of adulthood cultured at 25°C, DAF-16 RNAi treatment blocks lowbush cranberry treatment-mediated improvement in posterior touch response (50 and 400 μg/mL; a, b) and increased posterior process branching (400 μg/mL; c) and impacts ZB154 anterior cell soma outgrowth development in treatment groups somewhat significantly (50 and 400 μg/mL; d). Experimental results for Alaskan blueberry-, lowbush cranberry-, and chaga-treated mutant DAF-16 C. elegans (daf-16(mgdf50)) are shown. Lifespan data (mean lifespan in days of adulthood, S.E.M., number of animals in each group, percent of untreated genotype control) for two trials for each treatment, each performed with two 35-mm plates beginning with N = 25 adults and cultured at 25°C, are shown. Significance from appropriate control (p value) calculated using the Kaplan-Meier log-rank test and represents the comparison to untreated control for that genotype. For all trials, the wildtype (N2) control and DAF-16 (daf-16(mgdf50)) mutant lifespan experiments for each treatment regimen were conducted in parallel at 25°C. (Note: trial 3 blueberry and cranberry treatment groups were all conducted in parallel, thus the untreated controls for both treatment groups are the same populations/lifespan data) improved touch response late in life . Thus, we evaluated the involvement of DAF-16 in these lowbush cranberry-mediated aging effects of the touch receptor neurons. To do this, we compared the effects of lowbush cranberry, daf-16(RNAi), and lowbush cranberry-daf-16(RNAi) combination treatments on touch receptor neuron morphology and touch response in old (day 11) ZB154 animals (six GFPlabeled touch receptor neurons). These experiments specifically tested the involvement of non-neuronal DAF-16 in the observed lowbush cranberry-induced increase in posterior cell branching events (as wildtype C. elegans neurons, lacking the SID-1 channel, are not susceptible to RNAi; (Calixto et al. 2010) . We observed that daf-16(RNAi) completely blocked the increase in posterior touch response with empty vector lowbush cranberry treatments (p > 0.8; Poisson log linear model; Fig. 2b ). daf-16(RNAi) resulted in the same occurrence of posterior neuron process branching events as untreated empty vector control animals (p > 0.1 Poisson log linear model; Fig. 2c ). Also, daf-16(RNAi)-untreated and lowbush cranberry-treated groups were not significantly different from untreated empty vector control in anterior touch response and most anterior neuron aberrations (p > 0.1, Poisson log linear model). DAF-16 treatment did somewhat increase the number of anterior soma outgrowths observed at day 11 in all lowbush cranberry treatment groups; however, the change did not reach significance (111% of empty vector controls; 0.09 > p > 0.06 Poisson log linear model), suggesting that DAF-16 may be involved in the development of these aberrations through a mechanism not impacted by lowbush cranberry treatment (Fig. 2d) .
Discussion
The cellular and molecular mechanisms behind the health benefits of nutritional interventions can be complex and challenging to elucidate. Here, we described a requirement for DAF-16/FOXO in Alaskan lowbush cranberry-mediated lifespan extension and altered touch receptor neuron aging (i.e., the development of posterior process branching). After observing DAF-16 nuclear foci in aged (day 9 adult) lowbush cranberry-treated populations (Fig. 1) , we examined lifespan and touch receptor neuron aging following DAF-16 knockdown with RNA interference (RNAi). We demonstrated that DAF-16 is required both for the lifespan extension and the increased posterior touch receptor neuron (PLM) branching caused by lowbush cranberry treatments (Fig. 2) .
The neuroprotective role of DAF-16 in healthy, untreated touch receptor neuron aging has been explored (Toth et al. 2012; Tank et al. 2011; Scerbak et al. 2014) . Toth et al. (2012) demonstrated that increased DAF-16 activity due to decreased insulin signaling (daf-2(e1370) mutant background) resulted in increased PLM process branching in otherwise untreated animals by late in life (day 10 of adulthood). Conversely, Tank et al. (2011) observed decreased posterior cell branching in the same genetic background. However, removal of DAF-16 via genetic mutation and RNAi does not drastically disrupt aging touch receptor neuron morphologies, but does decrease touch response when compared to wildtype aging (Toth et al. 2012; Tank et al. 2011; Scerbak et al. 2014) , which is consistent with our results ( Fig. 2 ; black bars). While the involvement of DAF-16 in lifespan extension is well explored (albeit complex), our correlation of specific touch receptor neuron morphology (posterior neuron process branching) with berryinduced DAF-16 nuclear translocation is novel. What remains to be determined is whether PLM process branching is a stimulatory response that actively promotes healthy aging or whether this phenotype occurs as a consequence of good health and aging.
The number and distribution of DAF-16::GFP foci observed upon cranberry treatment (DAF-16 is not in nucleus of all cells and most nuclear foci are concentrated at the mid-region of animal; Fig. 1 ) and the results of the systemic (non-neuronal) DAF-16 RNAi experiments (Fig. 2) suggest that, at least in part, a nonneuron-specific pathway induces posterior neuron process branching. DAF-16, orthologous to human FOXO, is well known to operate in multiple tissues downstream of various cellular signaling pathways (e.g., insulin signaling) regulating the expression of genes that promote longevity, proteostasis, and stress response (Mukhopadhyay et al. 2006) . Lowbush cranberry treatment facilitates DAF-16 translocation into the nucleus late in life (day 9; Fig. 1 ), promoting mechanosensory neuron phenotypes associated with longevity (i.e., day 11 improved mechanosensation, Fig. 2b ; increased posterior neuron process branching, Fig. 2c ). When systemic (non-neuronal) DAF-16 translation is decreased via RNAi feeding, these longevity-associated neuronal phenotypes are blocked (Fig. 2) . In addition to supporting the vast body of evidence that DAF-16 signaling promotes longevity in C. elegans, these findings highlight the importance of cell-cell communication in the aging organism. Non-neuronal DAF-16 signaling (or lack of it) in response to an organism's environment (e.g., cranberry supplementation), impacts neuronal phenotypes associated with aging.
The involvement of DAF-16 in the health benefits of Alaskan lowbush cranberry treatment is consistent with other work demonstrating that wildtype C. elegans lifespan extension with North American cranberry (Vaccinium macrocarpon) treatment requires DAF-16 (Guha et al. 2013) . Others have shown that beneficial cranberry treatment effects required HSF-1 and not DAF-16 in a C. elegans model of Alzheimer's disease (Guo et al. 2015) , demonstrating the diverse functions of DAF-16 in different health and stress scenarios and a robust response of DAF-16 signaling to shared phytochemical(s) present in two different species of cranberry. The chemical differences of the blueberry, lowbush cranberry, and chaga extracts in the current study are quite striking, with cranberry containing by far the most total flavonoid content and chaga containing the least amounts of all compounds measured (total phenol, total flavonoid, and anthocyanin content; . While all three of these extracts increase lifespan and alter neuron aging in C. elegans, it is not surprising that they seem to do so through different mechanisms.
We did not observe DAF-16 nuclear foci formation in blueberry or chaga treatments (Supplemental Figures 1-2 ) yet DAF-16 was differentially required for lifespan extension in the two treatments (Table 2 ; Supplemental Figure 5 ). That we did not detect a requirement for DAF-16 for blueberry-mediated lifespan extension is not surprising (Table 2) ; others have shown that DAF-16 is not required in lifespan extension in treatment with other species of blueberry (V. angustifolium), and blueberry-derived polyphenols (Wilson et al. 2006 ). However, lifespan extension from chaga treatment did require functional DAF-16 (Table 2) . That we were unable to detect DAF-16::GFP nuclear localization in chaga treatments may be in part due to the difference in culturing temperature between the lifespan experiments (25°C) and DAF-16::GFP experiments (20°C). The thermal effects on C. elegans lifespan and DAF-16 signaling are well known and DAF-16 signaling in the specific strain used in this study (TJ356) is responsive to specific temperatures (Henderson and Johnson 2001) . The same genetic intervention involving DAF-16 signaling (e.g., daf-2 RNAi) can exhibit different DAF-16::GFP nuclear localization at different temperatures (Leiser et al. 2011) , emphasizing the importance of temperature on this transcription factor and on experimental design. However, we have not found published examples of an increase in DAF-16::GFP localization from very low incidence (< 10% of animals) to notable translocation (> 40%) due to a change in culturing temperature within treatment groups. There are several examples of interventions impacting lifespan relative to untreated, N2 control populations differently under different culturing temperatures (for example, (Leiser et al. 2011; Horikawa et al. 2015; Miller et al. 2017) ). Differences in culturing temperature most certainly impact aging in more ways than simply altering metabolic rates (i.e., not all interventions impact lifespan in the same direction at all culturing temperatures), and, relevant to the current study, this may play a central role in the longevity-and health-promoting phenotypes caused by chaga treatment. Exploring the interconnected role of temperature and extract treatments on cellular signaling cascades is an area of growth for future research.
Interestingly, in our previous work, both lowbush cranberry and chaga treatments were shown to induce posterior touch receptor neuron branching events late in life . However, in this same study, chaga treatment caused an additional phenotype among posterior neurons not observed with lowbush cranberry treatments-process loops. The mechanisms driving posterior touch receptor neuron branching events versus posterior loop events are likely distinct. We believe that the lack of detection of DAF-16 involvement in chaga treatments may also be due to the following: (1) chaga treatments specifically activate neuronal DAF-16, causing branching while escaping detection in the aging DAF-16::GFP model; (2) DAF-16 is activated at a time point other than the two we tested (day 3 and day 9); and/or (3) an additional, as of yet undescribed pathway exists to regulate PLM process branching (and loops). These findings support the growing evidence that C. elegans touch receptor neuronal aging is regulated via multiple mechanisms, including well-studied (e.g., insulin/IGF signaling) and novel pathways.
Both the presence of nutrients and the ability of an organism to sense and biologically respond to nutrients, such as medicinal berries, have profound implications for health and aging. The well-conserved insulin signaling pathway (of which DAF-16/FOXO is a critical component) epitomizes this statement; this pathway coordinates organismal response to nutrients and is well-known to be involved in the aging of a wide range of organisms from yeast to humans. Given the known genetic variation in human FOXO (Deelen et al. 2014; Beekman et al. 2013; Newman and Murabito 2013) , the potential for individual variation in the response (e.g., inactivate/activate, speed and duration of response) of this transcription factor in response to nutrients and/or bioactive compounds should be investigated.
